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Abstract: The application of methods based on digital fabrication technologies has gradually changed 

the design process and its relationship with construction, since the intercommunication between 

CAD/CAM programs and CNC machines allows a greater connection between what can be designed 

and what can be built. The wide variety of geometries that can be explored with digital fabrication 

technologies make them capable of dealing with any situation, from the complex shapes of 

contemporary architecture, to the unique forms of historical works. 

In order to understand the degree of influence that digital fabrication technologies can have on the 

development of a project, this dissertation focuses on the creation of a shelter for the visitors of the 

Park and Palace of Pena, in Sintra, to which CAD and parametric design processes and tools were 

applied, as well as CNC machines. The insertion of the shelter in this context permitted to determine 

the advantages and disadvantages of the applicability of these technologies in working with the 

existing heritage, allowing the introduction of a new concept, HCNC. This concept refers to the use of 

digital fabrication technologies, namely computer numerical control tools, to produce features that 

complement the heritage in question, from the restoration and recovery of some of its elements to the 

creation of structures that can be added to it. 

 

Key-words: HCNC; Digital fabrication; Heritage; Parametric design; Sintra; CAD/CAM. 

______________________________________________________________________________________________________ 

 

1. INTRODUCTION 

Digital fabrication technologies allow a 

bigger connection between what can be 

designed and what can be constructed, 

resulting in a significant transformation on 

how buildings are conceived, designed and 

built (Kolarevic, 2003). These technologies 

have been applied in various works, from 

important contemporary architecture 

projects, like the Guggenheim Museum, by 

Frank Gehry, to historic buildings, like the 

construction of the remaining of the Sagrada 

Família Basilica, by Antoni Gaudí. However, 

the potential of these tools haven’t yet been 

fully explored, with its use being minor when 

compared with more traditional methods. 

To understand how these technologies can 

be amicably integrated within the 

conception and construction of an 

architectural project, it is indispensable to 

correctly analyse its relevance. With that in 

mind, an opportunity to develop a proposal 

for the Park of Pena [Fig. 1], in Sintra, arises, 

bringing up the question of the use of these 

tools when dealing with heritage. As a result, 

the aim of this case study concerns the study 

of digital fabrication technologies to fully 
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comprehend how they work and how they 

can should be employed. With this 

knowledge, the way these can affect the 

design process can be determined, as well as 

how they can improve cases that work with 

heritage. 

As it occurred with HBIM (Historic Building 

Information Modelling), where a technology 

usually used in the AEC (Architecture, 

Engineering and Construction) industry was 

repurposed for the study of heritage 

(Historic England, 2017), digital fabrication 

can also be applied in such occasions, taking 

advantage of its tools to improve heritage’s 

analysis, development and construction. As a 

result, the term HCNC (Historic Computer 

Numerical Control) can suggest, in parallel 

with HBIM, the use of CNC technologies to 

work in conditions that deal with heritage, 

either working directly with it, or working 

under its influence, ending up having a 

positive impact on it. 

 

2. CASE STUDY 

The present work had, as a case study, a bus 

stop, located at the entrace of Park of Pena, 

in Sintra, with the purpose of serving the 

Park’s visitors that want to use this mode of 

transportation that connects the entrance of 

the Park with the Pena Palace. The 

management of the flow of people in the 

various areas of the Park is indispensable, 

due to the high number of visitors, being 

necessary a greater attention in the areas 

where there are greater concentrations of 

people, as it occurs in the entrance of the 

Park. The proposed structure aims to 

positively contribute to the management of 

this space and create favourable conditions 

of safety and use of the place. To answer to 

the Park’s needs, the bus stop should be able 

to assemble and shelter the visitors that want 

to use the bus, allowing the free passage of 

the remaining visitors through the adjacent 

pathways. 

In addition to having to comply with all the 

functionalities imposed, the proposal 

presented was also conditioned by the place 

where it was inserted, more concretely, the 

Park of Pena. Composed by a dense 

vegetation of trees and shrubs (Pereira de 

Lima, 2005), the Park of Pena is also 

surrounded by all of the forest extent of 

Sierra de Sintra, which means that it is 

framed by a vast natural heritage. Therefore, 

the choice of construction material for the 

structure sought to meet the more natural 

character of its surroundings, having chosen 

the use of wood. Wood is not only one of the 

most commonly used construction materials, 

but it is also a material with features that 

make it suitable for a wide variety of uses 

(Falk, 2010). Besides being an easy material 

to work and join, it has a high mechanical 

resistance combined with a reduced density 

(Ferreira Pinto e Gomes, 2011). 

 

3. PROJECT DEVELOPMENT 

3.1 DESIGN PROPOSAL 

After all the premises for the project of the 

bus stop’s structure had been established, 

the design of its form began. Through an 

elaborate record of the shapes and patterns 

present in Pena’s National Palace, it was 

possible to verify that arches and domes, 

even though they were used subtly, were 

frequently used throughout the Palace, 

Fig. 1 – Park and National Palace of Pena (source: 
https://www.parquesdesintra.pt/planear-a-sua-
visita/horarios-e-precos/). 
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which led to the use of the arch as the basis 

of the structure’s form. 

The structure for the bus stop was designed 

as a succession of arches [Fig. 2] that follow 

the limits of intervention area, defined by the 

adjacent wall’s curvature and the pathway of 

the entrance of the Park. The arches’ height 

decreases, with the aim to lead the visitors to 

the place where the bus will stop, the highest 

arch being closer to the entrance, in order to 

make the structure more inviting for those 

who arrive at Park of Pena. Surfaces were 

placed between each two arches so as to 

cover the entire area inherent to the 

structure, creating a sheltered space 

underneath the arched structure. This 

addition, however, ended up making the 

proposal too closed on itself, and therefore 

a perforation of the surfaces was conceived 

through the use of a pattern, which allows a 

greater permeability between the interior 

and the exterior of the structure, resulting in 

a greater relation with the surrounding 

space. 

During the design process, several changes 

were made to the proposed structure in each 

of the stages, and the final structure was only 

obtained at the conclusion of this study. 

 

 

3.2 DIGITAL MODEL 

After defining a formal concept for the 

proposal, these ideas were transposed into a 

digital model, which can be easily scaled and 

detailed. Grasshopper, for the software 

Rhinoceros, was selected for modelling the 

proposal, due to the need to easily modify 

the proposal throughout the process. 

First, the implantation of the structure was 

defined, and guidelines were drawn for its 

correct positioning. Through this base, it was 

possible to define the arches in their correct 

position and direction. The arches were 

created through the component that defines 

catenary arches, which need the initial and 

final points, as well as a length, as inputs. In 

order for these elements to be able to 

perform their structural function, they were 

assigned thickness, creating volumes with a 

section of 100x100mm. 

The surfaces covering the structure were 

defined separately, with the space between 

each two arches intended for a single 

surface. Each surface was obtained by 

combining the edges of the adjacent arches 

through the 'Ruled Surface' component, 

which creates a surface between two curves. 

To create the perforations in the surfaces, an 

adaptation of a pattern that exists in the 

Pena Palace was made [Fig. 3]. 

 

3.3 PROJECT VS. CONSTRUCTION 

In order to see if the structure was stable, 

coherent and safe for the eventual use of the 

Fig. 2 – Study models of the proposed structure. 
Viewed from above (top) and from the side (bottom), 
in order to show the positioning and decrease of 
height of the arches (source: author). 

Fig. 3 – Digital model, made with Grasshopper 
(source: author). 
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visitors of the Park of Pena, professionals 

from different areas were consulted, able to 

advise on the best approach to solve these 

problems. 

Firstly, a carpenter was consulted who stated 

that the structural arches should be 

reinforced by beams in order to avoid 

displacements of the arches, resulting in a 

more stable structure. The carpenter also 

advised a dimension of 80x160mm for the 

section of the arches. 

One of the focal points of the work is the 

incorporation of CNC machines in the design 

process, therefore, the team of a laboratory 

that works exclusively in this area was 

consulted. Based on the knowledge acquired 

through the execution of numerous projects, 

it was suggested the kerf bending method 

[Fig. 4] for the execution of the surfaces. This 

method allows to remove material resistance 

by performing multiple cuts, allowing it to be 

manipulated and bent. In order for the 

surfaces to be able to perform the desired 

curvature, it was pointed out the necessity of 

adding supports along the arches where 

they could rest, with these elements also 

contributing to a greater stability of the 

structure. To bend the surfaces without 

losing their mechanical strength and 

becoming brittle, a thickness of 10mm was 

recommended, since a higher thickness 

would compromise the curvature of the 

material and a lower thickness would result 

in surfaces that are too delicate. 

Last but not least, a civil engineer, a 

specialized in the construction of large 

wooden structures, was consulted, who 

advised the use of glulam, with autoclave 

treatment, for the construction of the 

proposal. 

Based on the analysis made by the 

professionals consulted, a series of problems 

were detected that should be solved, which 

resulted in several changes to the proposed 

structure, which were immediately 

transferred to the digital model. The 

comparison with the existing CNC machines, 

more specifically with the measures of the 

cutting tables, raised new questions related 

to the size of the proposal, having been 

necessary to carry out its resizing. In order to 

introduce the beam in an agreeable manner, 

the structural arches were no longer formed 

by catenary arches, being now shaped by 

gothic arches. 

The execution of the wooden surfaces, until 

then a task seemingly impossible to realize, 

became viable through the use of kerf 

bending. The easy manipulation achieved 

with this method allowed for the 

experimentation with the shape of the 

surface itself, having been exaggerated in 

order to make it more dynamic and complex 

[Fig. 5]. In order for the surfaces to perform 

this new curvature, the supports were added 

according to this change with an evenly 

distributed metric and a thickness of 

80x80mm [Fig. 6]. 

The changes made allowed not only to solve 

the problems detected, but also to develop 

the proposal in a way that would become 

more complex and appealing. Even though, 

Fig. 4 – Kerf Bending (source: 
https://www.instructables.com/id/Curved-laser-bent-
wood/). 

Fig. 5 – New form for the proposed structure (source: 

author). 
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at this stage, the form of the structure was 

completed, it still needed to be worked out 

at a more detailed level, in particular in 

regards to the joint of the various elements 

and the fabrication methods of the proposal. 

 

4. PROTOTYPING 

4.1 PLANNING 

After the definition of the digital model, the 

prototyping phase was started. The purpose 

of this phase was to put into practice 

computer numerical control manufacturing 

methods, in order to understand how they fit 

into the design process and what 

advantages they can bring to it. In addition 

to this, the test of the various elements of the 

proposal allows the understanding of what 

its failures are and how they can be solved. 

To begin this phase, it was necessary to 

understand what materials should be used in 

the construction of the prototypes, how each 

element of the proposal should be 

fabricated and which methods should be 

used. 

The choice of materials was based on a 

survey of the options available on the 

market, where glulam boards were selected 

for the structure because they were the ones 

that most resembled the materials defined 

for the construction of the real-scale 

structure. These boards are available in 

thicknesses of 28 and 18mm, the latter 

having been chosen, corresponding 

approximately to the thickness of the 

structural elements at a 1:5 scale. 

For the surfaces, however, no material had 

yet been specified. The thickness, in the real 

scale, chosen for these elements was 10mm, 

which at a 1:5 scale corresponds to 2mm. In 

the survey carried out, the only materials that 

had large dimensions, suitable to 

accommodate the size of the surfaces, 

combined with reduced thicknesses, were 

derived from wood, such as MDF and 

plywood. The use of plywood was chosen 

because, in addition to being available in the 

market in different thicknesses, this material 

already has some malleability, being 

therefore able to perform the curvature of 

the surfaces with greater ease. 

Based on the dimensions of the materials 

chosen, it was possible to determine how 

each element could be executed, whether it 

was necessary to section them or whether 

they could be fabricated in their entirety, and 

how the various elements would join 

together. The beams and supports, not 

having very large dimensions, can be 

executed without the necessity of any 

division, so they were only isolated, so that 

each element was seen as a single piece. 

Unlike these, the structural arches and the 

surfaces were divided into pieces of smaller 

size, in order to allow their fabrication. The 

arches were divided, first, to the centre, with 

each half being then split into pieces with 

approximately 75cm height [Fig. 7]. The 

surfaces were divided horizontally, in line 

with the centre of the supports, in order to 

Fig. 6 – Supports added to the structure to aid the 
correct positioning of the surfaces (source: author). 

Fig. 7 – Sectioning of the arches, represented by the 
highlighted lines (source: author). 
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allow the union between these two elements 

[Fig. 8]. 

The distinct nature of the various structure 

elements led to different methods of union. 

The connection between the pieces of the 

arches, given their structural importance, 

must be quite strong, and this is a vital issue 

in the design of these elements. The union of 

these was accomplished through joints [Fig. 

9], which allow easy coupling, while avoiding 

sliding of the parts. To further solidify this 

joint, screws were used to prevent any piece 

from being withdrawn or moved from its 

position. The use of screws also allows the 

pieces to be removed in the future, if they 

need to be repaired or even replaced. Just 

like the pieces that make up the arches, the 

supports also require joints in their union 

with the structural arches. The base of these 

elements was extended, creating links that fit 

into the arches, into openings designed for 

this exact purpose [Fig. 10]. The beams, to 

give greater stability to its junction with the 

remaining structure, were designed to be 

attached to the arches with nails or screws. 

The complexity of the surfaces, as well as 

their reduced thickness, prevented the 

design of joints to connect them to the 

remaining elements. As such, each element 

that composes them was coupled to the 

supports, as well as to the beams, with the 

aid of nails. 

Finally, an analysis of the proposal was made, 

in order to determine which CNC machines 

were a better fit for the execution of the 

prototypes. It was decided to use a three axis 

milling machine for the execution of the 

structural elements, since they can be 

realized by this axis system. The surfaces 

were executed in a laser cutter, because of 

the precision of the cutting of this tool. If the 

kerf bending cuts were performed on the 

milling machine, they would always have a 

thickness of 3mm, corresponding to the 

minimum milling diameter, which does not 

match the desired result. 

 

4.2 PROTOTYPE FABRICATION 

During the prototyping phase, several 

prototypes were made in order to test every 

element of the structure. The first prototype 

aimed to determine whether the curvature 

attributed to the surfaces had in fact been 

the most appropriate or whether it should be 

modified. The prototype [Fig. 11] was 

fabricated by a 3D printer and it allowed to 

Fig. 8 – Sectioning of the surfaces, indicated by the 
highlighted lines (source: author). 

Fig. 9 – Joints that allow the connection between the 
pieces of the arches (source: author). 

Fig. 10 – Joint between the arches and the supports 
(source: author). 
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conclude that the curvature given to the 

surfaces was, indeed, the most adequate for 

the desired result, although it may seem 

exaggerated, which meant that no changes 

were made to the project at this point. 

The size of the proposal makes structure a 

vital theme throughout the entire project. As 

such, it was necessary to test all the 

structural elements, analysing their cohesion 

as a whole and going in search of potential 

points of greater structural fragility, that 

being the main objective of the second 

prototype. This objective required execution 

of the entire project, but did not require a 

very detailed representation, having been 

sufficient to manufacture the elements 

themselves, without any joint or union. For 

this test, the use of wood was dispensable, 

being replaced by pressed recycled 

cardboard, since it is a much cheaper option. 

The prototype [Fig. 12] allowed to conclude 

that, in general, the structural system was 

effective, however, it did show some fragility, 

namely in the supports and the connection 

between the beams and the arches, which 

led to some changes in the proposal. This 

prototype, although useful in drawing the 

necessary conclusions, failed to be a 

representation of the proposed structure, in 

the sense that it would be divided into 

several parts, if constructed at a 1:1 scale. 

Since the arches were represented as single 

pieces, it was not possible to draw a 

conclusion regarding their stability. 

Since the structural system tested was stable, 

each one of its elements was, then, studied, 

as well as the way in which they are linked to 

each other. As mentioned previously, the 

union of some of the elements of the 

structure is done through joints, these being 

the main focus of the third prototype. Only a 

small section of the structure was tested, 

since it was capable of analysing the 

connection between the pieces of the arches 

and the connection between them and the 

supports, the latter joint being essential for 

the stability of the structure. The joint 

between the pieces of the arches, although 

functioning, is too small, resulting in a fragile 

union. To prevent the movement of the 

pieces of the arches after being joined, they 

were connected with screws, which resulted 

in a stronger connection. In spite of this, the 

small size of the joint allowed the application 

of only one screw in each, which proved to 

be an ineffective system, as the screw 

functioned as an axis of rotation of the 

pieces, ending up damaging them [Fig. 13]. 

The surfaces that cover the structure, due to 

their curvature, are the most complex 

elements of the whole proposal. As such, it 

was vital to understand how these would be 

fabricated, that being the aim of the fourth 

Fig. 11 – Prototype 1 (source: author). 

Fig. 12 – Prototype 2 (source: author). 

Fig. 13 – Damaged joint (source: author). 
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prototype. Their complexity makes their 

execution not as simple as in the other 

elements, and it is necessary, in addition to 

the kerf bending cuts, to flatten them. With 

the flattening of the surface, it was possible 

to draw the kerf bending patterns and cut 

them using a laser cutter. In order to 

understand how the patterns affect the 

bending of the material, seven patterns were 

tested, from which two were chosen as the 

best equipped to curve the surfaces [Fig. 14], 

the final pattern being a combination of 

those two. 

The fifth and sixth prototypes were produced 

to optimize the joints between the different 

elements of the structure. The joint between 

the pieces of the arches were done in an ‘L’ 

shape [Fig. 15], which permitted the use of 

two screws. This joint was very effective and 

resulted in a very strong connection between 

these pieces. To strengthen the union 

between the arches and the supports, small 

metal parts, that perform a 90º angle, were 

used, attached to the pieces with the help of 

screws [Fig. 16]. With the section of the 

structure put together, the surfaces were, 

then, cut and fastened to it with nails [Fig. 

17]. 

The last two prototypes focused on how to 

fabricate the beam and how it should be 

attached to the rest of the structure. The 

irregular shape of the beam prevented it to 

be fabricated with a CNC milling machine 

like the remaining structural elements, it 

being produced with saw blades, since this 

element didn’t have any curves. To show 

how the beam would be fastened to the 

arches, a different section was tested, this 

time concerning the top of the structure. It 

was intended to join the beams to the arches 

through pieces similar to the previously used 

metal parts. However, there are no parts with 

angles other than 90°, being necessary to 

shape the parts to the desired angle. 

Fig. 14 – Two patterns chosen for the kerf bending 
cuts of the surfaces (source: author). 

Fig. 15 – Joint between the arches’ pieces 
(source: author). 

Fig. 16 – Metal parts added to the structure (source: 
author). 

Fig. 17 – The surfaces were nailed to the wooden 
structure elements (source: author). 
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Moulding these parts manually would most 

likely result in errors or even damage the 

prototype, which resulted in the use hinges 

instead of the metal parts. This way it is 

possible to regulate their angles easily, 

resulting in an effective fixation of the beams 

to the structural arches [Fig. 18]. After all the 

structural pieces were joined, the 

corresponding surfaces were attached [Fig. 

19], ending the final prototype done during 

this project. 

 

5. CONCLUSIONS 

The direct contact with CAD and CAM 

software, as well as with CNC machines, 

allowed to verify that there is a great ease in 

the transmission of information between 

them, obtaining exact representations of the 

digital model. The speed and effortlessness 

of execution of the prototypes allowed the 

repetition and improvement of several 

details during the prototyping phase, which 

resulted in an optimization of the proposal. 

This successive improvement of the project 

made it possible to realize that the more 

tests were performed, the better it would be 

constructed, since every detail was analysed 

and corrected until it was fully effective. It is 

possible, therefore, to conclude that 

prototyping informs the project in a positive 

way, being, as a result, a methodology that 

should be implemented in its development 

process. The introduction of these 

technologies ends up transforming the 

design process, ceasing to be linear (design 

-> modelling -> construction) and 

becoming cyclic. After construction it is 

necessary to return to the design and 

modelling phases, these steps being 

repeated countless times, until a viable and 

coherent proposal is obtained. 

The proposed structure fits into a heritage 

environment, and this was a key factor in the 

design of the structure. The way in which 

CNC machines were used to create a 

proposal that would complement the 

heritage in some way, demonstrated the 

feasibility of using these technologies in this 

context, confirming the applicability of the 

HCNC concept. However, the case study only 

proved a small part of the possibilities of 

using these tools in an historic context. The 

ease of these technologies in performing a 

multitude of shapes and forms allows the 

reproduction of the intricate geometries 

characteristic of historic works, opening 

doors for the use of CNC tools for the 

restoration or recovery of heritage. 

Exceptional cases, such as the Sagrada 

Família, are simplified due to the use of these 

technologies, reducing the time and cost of 

the work. 

In short, digital fabrication technologies are 

quite versatile and can be used to solve any 

problem. From academic projects to work on 

heritage, passing through works of 

contemporary architecture, these 

technologies proved capable of benefiting 

each of these cases. The rapid 

experimentation, the three-dimensional 

Fig. 18 – Hinges used to fix the beam to the structural 
arches (source: author). 

Fig. 19 – Final result of the last prototype (source: 
author). 
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representation of the proposed objects, 

instead of the use of plants or elevations, and 

the easy manipulation of the digital model 

allowed to perceive and to correct with more 

dexterity the several flaws of the project, 

being, therefore, an advantageous 

methodology to use in the design process. 
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